Malt carboxypeptidase catalyzes the formation of peptide bonds using N-benzoyl-arginine esters as acyl components and amino acid amides or amino acid methyl esters as nucleophiles. With seven different nucleophiles yields of 50-95% were obtained while no aminolysis was observed with H-Pro-NH2 and H-GIu-a-NH2. The enzyme is easily saturated with nucleophile indicating the formation of a complex between nucleophile and acyl-enzyme intermediate prior to deacylation. The nature of the side-chain of the amino acid esters used as nucleophiles strongly influences the apparent dissociation constant of this complex (KN~app~) while less dependence on the side-chain is observed with amino acid amides. KN~app~ is drastically increased by the presence ofphenylguanidine in the reaction medium suggesting a competition between this substance and the nucleophile for the same binding site. This site has previously been identified as the S~ binding site of malt carboxypeptidase (Carlsberg Res. Commun. 48,573-582 (1983)). The influence of the nucleophile H-VaI-NH2 on the kinetic parameters for the cleavage of N,-CBZ-Lys-p-nitrophenylesler indicates that the acylation step is rate-limiting, and that H-Val-NH2 has two different modes of binding to the enzyme.
INTRODUCTION
It is well known that serine and sulfhydryl proteases in addition to hydrolysis of peptide bonds also hydrolyse N-blocked amino acid esters and peptide esters. These reactions proceed via an acyl-enzyme intermediate, and when other nucleophiles are added to the reaction mixture, e.g. amino compounds, the acylenzyme intermediate will react both with water to give a hydrolysis product and with the amine to give an aminolysis product. BENDER et al. ( 1 ) and FASTREZ and FERSHT (9) found that when methanol, ethanol, glycine amide or alanine amide were added as nucleophiles to chymotrypsin it reacted with ester substrates according to the simple reaction model shown in Scheme ~[w] Scheme 1. Competition between water (W) and other nucleophile (N) in the serine protease catalyzed hydrolysis of ester substrates as proposed by BENDER et al. (1) . The enzyme (E) and substrate (S) initially forms a complex (ES) with the dissociation constant K,. k2 is the rate constant for the essentially irreversible conversion of ES complex to the acyl-enzyme intermedidate (ES'). k~ and k4 are the rate-constants for the deacylation reactions with W and N as nucleophiles, respectively. P, is the alcohol leaving group of the ester substrate. P~ and P3 are the hydrolysis and aminolysis products, respectively. This model assumes that neither water nor added nucleophile bind to the enzyme prior to the reaction with the acyl-enzyme intermediate. 1 , in which it is assumed that neither water nor the added nucleophile bind to the enzyme prior to the reaction with the acyl-enzyme intermediate. Hence, the ratio of the two reaction products being formed, [P3]/[P2], is a linear function of the ratio [N]/[W] between the concentrations of added nucleophile and water. FINK and BENDER (10) showed that the sulfhydryl protease papain catalyzed hydrolysis of esters with methanol and ethanol as added nucleophiles according to Scheme 1. However, when higher alcohols were added as nucleophiles deviations were observed and to explain this they had to introduce a more complex reaction scheme which took into account specific binding of the nucleophiles to the enzyme and the enzyme-substrate complex (10) .
The serine exopeptidase, carboxypeptidase Y from baker's yeast, functions similar to the serine and sulfhydryl endopeptidases: it hydrolyzes both peptide and ester bonds, and in the presence of nucleophiles it catalyzes both aminolysis and alcoholysis reactions, a property which has been demonstrated to be useful in enzymatic peptide synthesis (2) (3) (4) (5) (6) (13) (14) (15) ). Another serine carboxypeptidase from malt has recently been isolated in high purity in this laboratory and characterized with respect to hydrolysis of peptide and ester substrates (7, 8) . Phenylguanidine has a specific function as a modifier of this enzyme by binding to the S' L binding site, i.e. the binding site of the leaving group of the substrate. In the present paper this malt carboxypeptidase is characterized with respect to aminolysis reactions and the effect of addition of phenylguanidine is used to demonstrate that amino acid amides and amino acid methyl esters bind to the S; binding site prior to their attack on the acyl-enzyme intermediate.
MATERIALS AND METHODS

Materials
Malt carboxypeptidase and Bz-Arg-OBu were prepared as previously described (7, 8) . Mes, Bz-Arg-OMe and H-Ser-NH2 HCI were obtained from Sigma, USA. Phenylguanidine hydrogencarbonate was obtained from EGA Chemie, W. Germany. All other derivatives of amino acids were purchased from Bachem, Switzerland. Other reagents and solvents were of analytical purity and obtained from Merck, W. Germany.
Methods
The reactions were performed in a pH stat (12) . The reaction volumes were 2 ml and Bz-Arg-OMe and Bz-Arg-OBu were used as substrates in the presence of 5 mM-EDTA. Most experiments were performed at pH 7.5 because the enzyme is unstable at higher pH values. Unless specifically stated, the reactions were allowed to proceed until 80 -95% of the substrate had been consumed. At this stage aliquots were removed for determination of the reactant composition by HPLC, using equipment from Waters Associates, USA, and a C-18 reverse phase column. The following eluant system was used: 50 mM-triethyl ammonium phosphate, gradients. All separations were carried out at room temperature and monitored at 254 nm. The per cent composition of the reaction mixtures could be calculated directly from the integrated peak areas since all components had the benzoyl group as a common chromophore. Aminolysis and hydrolysis products were initially collected and identified by amino acid analysis. The fraction of aminolysis was expressed as the ratio between the formed aminolysis product and the sum of all products being formed, i.e. unconsumed substrate was disregarded in the calculations.
RESULTS
Influence of added nucleophiles
Previously it was observed that malt carboxypeptidase had high activity towards ester substrates with a positively charged side-chain (8) with H-Val-NH_, and 0.50 with H-VaI-OMe is incompatible with a proportionality with the nucleophile concentration as predicted from Scheme 1. These results indicate that the nucleophiles bind to the acyl-enzyme complex prior to the deacylation reaction and the capability of the enzyme to bind nucleophiles may conveniently be estimated from the concentration of nucleophile required to produce a fraction of aminolysis which is half the maximal aminolysis fraction. This concentration is designated KN(,0p) since it is related to the dissociation constant of the complex between acyl-enzyme and nucleophile. Table I lists the KN(,pp) values for a series of amino acid amides and amino acid methyl esters and presents in addition the fractions ofaminolysis observed at saturation with the nucleophiles. It is seen that KN(app) for the amino acid esters varies much more with the nature of the amino acid side-chain than Km(,pp) for the corresponding amino acid amides. Furthermore, the fraction ofaminolysis with amino acid amides is consistently higher than with amino acid methyl esters. The amino acid amides H-Pro-NH2 and H-GIu-tt-NH:, the D-enantiomers H-vaI-NH2 and H-ala-OMe, and glycine N-methyl amide gave no aminolysis products. The influence of pH on malt carboxypeptidase catalyzed aminolysis reactions was studied with Bz-Arg-OBu as substrate and H-Val-NH2 as nucleophile ( Figure 3 ). The enzyme reached saturation with H-Val-NH2 at all pH values except pH 5.0 and the maximal fraction of aminolysis varied only slightly with pH. However, the concentration ofnucleophile needed to saturate the enzyme increased drastically with decreasing pH with KN~app~ reflecting a group with a pK, below 5.5 ( Figure 4) . The cleavage ofpeptide bonds by malt carboxypeptidase proceed like the cleavage of ester bonds via an acyl-enzyme intermediate. Consequently, it is to be expected that peptides also can function as substrates for aminolysis reactions. To demonstrate this, Bz-Lys-Ala-OH was used as substrate and H-VaI-NH2 as nucleophile, and the reaction was studied in the pH range 3.5 to 7.0. It was observed that the fraction ofaminolysis was maximal at pH 4.25 where it reached approximately 0.4 ( Figure 5 ) while at pH 7.0 only a small amount of Bz-Lys-VaI-NH2 was formed. However, due to the relatively low yield of this reaction no further studies were performed. 
The influence of phenylguanidine (PhGu)
on aminolysis reactions The results described in section 3. l. demonstrate that the acyl-enzyme complex has a binding site for the added nucleophiles and it is likely that this binding site is identical with the S] binding site for the leaving group in the acylation reaction. Hence, it would be expected that addition of PhGu, which previously has been shown to bind to the S~ binding site in malt carboxypeptidase (8), would have an effect on the aminolysis reactions. This was investigated by addition of PhGu to the malt carboxypeptidase catalyzed aminolysis of Bz-Arg-OBu using H-Val-NH2 and H-VaI-OMe as nucleophiles. Although the limited solubility of the nucleophiles did not allow sufficiently high concentrations to be used to obtain complete saturation it appeared (Figure 6) that the the same maximal fractions of aminolysis was being approached as was observed without PhGu (see Figure 2) . However, as seen from a comparison between Figure 6 and KN~~ As seen from Table I similar effects of PhGu were observed with other nucleophiles, with the exception of H-Gly-OMe, suggesting that PhGu competes with these nucleophiles for the S', binding site.
Kinetic studies of malt carboxypeptidase catalyzed aminolysis reactions
The influence of H-Val-NH2 on the cleavage of Bz-Arg-OBu by malt carboxypeptidase (section 3.1.) was studied at 2 mM-substrate concentration which was approximately 100 fold higher than Km (8) . Hence, the rate of substrate disappearance reflected k~a, which was seen to decrease by the addition of H-Val-NH: (Figure 1) . However, nitrophenylesters are more convenient substrates for kinetic studies of this type since it is possible spectrophotometrically to follow the rate of release of the leaving group, i.e. nitrophenol. N,-CBZ-Lys-ONp is an excellent substrate of malt carboxypeptidase and it was used as substrate with H-VaI-NH2 as nucleophile. When the fraction ofaminolysis was studied by HPLC 
DISCUSSION
The results presented in section 3 for the action of malt carboxypeptidase on ester substrates in the presence of added amine nucleophiles showed saturation phenomena which deviated from the simple model in Scheme 1 which predicted a proportional partitioning of the acyl-enzyme complex between hydrolysis and aminolysis. FINK and BENDER (10) have previously observed similar binding effects when larger n-alkyl alcohols were added to papain acting on p-nitrophenyl substrates. They found that their results could only be explained by adopting the reaction scheme presented in Scheme 2 in which the added nucleophile binds to the enzyme at two different positions. ES is the noncovalent enzyme-substrate complex, ES' is the awl-enzyme, P, is the substrate leaving group, Pz is the hydrolysis product and P3 is the aminolysis product formed when the nucleophile N is present. KN is the dissociation constant for nucleophile bound to the same site as the leaving group, i.e. the S; binding site of the enzyme. K, is the dissociation constant for nu- , and that this is in agreement with the kinetically determined K~ value of 0.50 M SUpports that Scheme 2 is a good describtion of the action of malt carboxypeptidase on ester substrates and that KN(app~ is a reasonably good measure for KN. PhGu has previously been demonstrated to bind to the S', binding site of malt carboxypeptidase since it weakened the binding of substrates with bulky leaving groups (8) . The present results demonstrated that addition of PhGu to malt carboxypeptidase catalyzed aminolysis reactions drastically increased KN(apo~ for all the tested nucleophiles (except H-Gly-OMe), but it had no effect on the maximal level ofaminolysis. This is consistent with a competition between PhGu and the binding of nucleophiles at the S~ position. The fact that PhGu had no effect on the aminolysis reactions with H-Gly-OMe but strongly affected KN(apo~ for H-Ala-OMe and H-Val-OMe might suggest that it is the sidechains of amino acid methyl esters which are bound to the S; binding site in such a manner that they occupy or overlap with the binding site for PhGu. No such differences were observed with amino acid amides since PhGu affected KN(app~ for all amino acid amides tested including H-Gly-NH2. This suggests that these two types of nucleophiles exhibit slightly different binding modes within the S; binding site of the enzyme. These different modes of binding may explain why the fraction ofaminolysis at saturation with nucleophile is much higher with amino acid amides than with amino acid methyl esters.
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However, the binding of both types of nucleophiles appear to be stereospecific since the Denantiomers H-vaI-NH2 and H-ala-OMe gave no aminolysis products.
The nucleophiles used in the present study exist in solution both in an unprotonated (amine) form and a protonated (ammonium) form. However, only the amine form participates as nucleophile in the deacylation reaction and consequently, KNIap01 refer to the dissociation constant of the complex between the amine form of the nucleophile and the acyl-enzyme intermediate. Thus, in the case of H-Val-NH2 it would be expected that KN~app) would reflect the deprotonation of a group with a pKa of 8.0 which is the pKa of H-Val-NH2. However, the aminolysis was dependent on a group with a pKa below 5.5 which suggested that H-Val-NH2 when bound to the enzyme exhibited a pKa signifcantly different from that observed in solution. The deacylation reaction with H-Val-NH2 as nucleophile represents the reverse of an alkylation reaction with H-Val-NH2 as leaving group. Thus, after cleavage of a peptide bond it is conceivable that the leaving group remains unprotonated while still bound to this particular binding site even at pH values far below its pKa in solution, and the dissociation of this group from the enzyme will be dependent on the dissociation constant. It remains to be established whether this feature is functionally significant but one might imagine that the protonation and subsequent ejection of the leaving group could be linked to a conformational change of the active site region of the enzyme.
